A synthesis of Late Jurassic and Early Cretaceous collision-related metamorphic events in the Arctic Alaska-Chukotka microplate clarifies its likely movement history during opening of the Amerasian and Canada basins. Comprehensive tectonic reconstructions of basin opening have been problematic, in part, because of the large size of the microplate, uncertainties in the location and kinematics of structures bounding the microplate, and lack of information on its internal deformation history. Many reconstructions have treated Arctic Alaska and Chukotka as a single crustal entity largely on the basis of similarities in their Mesozoic structural trends and similar late Proterozoic and early Paleozoic histories. Others have located Chukotka near Siberia during the Triassic and Jurassic, on the basis of detrital zircon age populations, and suggested that it was Arctic Alaska alone that rotated. The Mesozoic metamorphic histories of Arctic Alaska and Chukotka can be used to test the validity of these two approaches.
INTRODUCTION
Research in Arctic tectonics has blossomed in recent decades due to increased ease of access to the region and consequent interest in development of natural resources. Despite substantial progress, uncertainties and controversies persist regarding the tectonic mechanisms responsible for Mesozoic opening of the Amerasian Basin, a central feature of Arctic geography (Fig. 1) . New geophysical and geologic data collected within the basin and its immediate borderlands have been used to update tectonic models (e.g., Grantz et al., 2011) , but a broader geographic approach is required to account for all of the tectonic elements that were active during basin opening (e.g., Rowley and Lottes, 1988; Nokleberg et al., 2000; Shepherd et al., 2013) . In many models, opening of the Amerasian Basin was accomplished by movement of a large continental block called the Arctic Alaska-Chukotka microplate or terrane ( Fig. 1 ; Lawver et al., 2002; Grantz et al., 2011; Shepherd et al., 2013 , and references therein). The processes responsible for movement of the microplate-via rotation, translation, or both-have been the subject of ongoing debate (e.g., Carey, 1955; Hamilton, 1970; Tailleur, 1973; Churkin and Trexler, 1980; Oldow et al., 1987; Smith, 1987; Grantz et al., 1990; Lane, 1997; Lawver et al., 2002; Miller et al., 2006 .
The Canada Basin is the part of the Amerasian Basin adjacent to Canada and Arctic Alaska (Fig. 1) . The results of modern geophysical and geologic studies of the Canada Basin summarized in Grantz et al. (2011) , Shepherd et al. (2013) , and Gottlieb et al. (2014) support the rotational model for basin opening. However, simple rigid rotation of the over 3000-km-long Arctic Alaska-Chukotka microplate results in significant overlap of the western end of the micro plate with the continental crust of the Lomonosov Ridge ( Fig. 1 ; Rowley and Lottes, 1988; Miller et al., 2006; . Internal deformation of the microplate by crustal extension could account for some of the size discrepancy (Miller et al., 2006; Miller and Akinin, 2008; Miller and Verzhbitsky, 2009) . Separate locations and tectonic histories for Chukotka and Arctic Alaska before basin opening have been proposed and help to address this issue, but no suture has been identified between the two (e.g., Miller et al., 2006; Shepherd et al., 2013; Amato et al., 2015) .
Additional uncertainty regarding the process of basin opening and migration of the Arctic Alaska-Chukotka microplate arises from an incomplete understanding of the location and evolution of Mesozoic tectonic boundaries and associated collision zones on the south and west sides of the microplate (present coordinates; e.g., Moore et al., 1994; Sokolov et al., 2002 Sokolov et al., , 2009 Amato et al., , 2015 . These subduction zones, collisional zones, and transform faults are important because they presumably accommodated closure of ocean basins south and west of the Arctic Alaska-Chukotka microplate as the Amerasian Basin opened. Evidence for subduction of the southern margin of Arctic Alaska (e.g., Till et al., 1988; Gottschalk, 1990 ) was used to constrain some tectonic models (e.g., Moore et al., 1994; Nokleberg et al., 2000; Amato et al., 2015) . Amato et al. (2015) used geochronologic, structural, and seismic-reflection data as evidence for the existence of a subduction zone on the south side of Chukotka during the Mesozoic. Many unknowns persist; Shepherd et al. (2013) considered the absolute age and geometry of Mesozoic subduction zones on the Pacific side of the Arctic Alaska-Chukotka microplate to be critical factors that need to be constrained to improve tectonic reconstructions of the Arctic.
In light of these uncertainties and complications, the following outstanding questions about the Arctic Alaska-Chukotka microplate must be addressed to create better tectonic models for the opening of the Amerasian Basin:
(1) Were Arctic Alaska and Chukotka separate crustal entities during opening of the Amerasian Basin? Can a structure be identified within the Arctic Alaska-Chukotka microplate that delineates a boundary between the two crustal blocks?
(2) What information about crustal deformation can be used to constrain the size of the Arctic Alaska-Chukotka microplate during the process of Amerasian or Canada Basin opening? (3) Can the metamorphic history of the southern Arctic Alaska-Chukotka microplate be used to constrain the age and character of major tectonic boundaries active during basin opening? This paper addresses these three areas of uncertainty in two ways. First, I present a synthesis of the metamorphic and structural evolution of the southern margin of the Arctic Alaska-Chukotka microplate. The histories of regional meta morphic terranes are critical tools in tectonic reconstruction because they can be used to constrain the age, location, and tectonic character of crustal boundaries and the timing, geographic extent, and degree of thickening or thinning of continental crust.
Second, I present an outline of the Early Cretaceous tectonic evolution of Arctic Alaska and Chukotka that integrates their metamorphic histories with shallow crustal deformation events, magmatic events, and basin development. This outline reveals relationships that constrain the three areas of uncertainty outlined earlier and highlights areas needing further study.
REGIONAL GEOLOGY Arctic Alaska-Chukotka Microplate
The Arctic Ocean basin is rimmed by blocks of continental crust that had similar Neoproterozoic and early Paleozoic histories, based on igneous ages, detrital zircon age populations, and affinities of early Paleozoic fauna ( Fig. 1 ; Kuznetsov et al., 2010; Dumoulin et al., 2011) . These blocks are considered by some to be pieces of a dismembered Neoproterozoic and earliest Paleozoic continent, such as Arctida (Shatskii, 1935; Kuznetsov, 2006; Kuznetsov et al., 2010; Filatova and Khain, 2010) , while others consider them to be dispersed parts of a large accretionary margin related to the Timanide orogen of Baltica ( Fig. 1 ; Patrick and McClelland, 1995; Dumoulin et al., 2002 Dumoulin et al., , 2011 Lorenz et al., 2008; Pease and Scott, 2009; Amato et al., 2009; Miller et al., 2010a) .
The Arctic Alaska-Chukotka microplate has an area comparable to that of Greenland (Amato et al., 2015) and is the largest of these crustal blocks (Fig. 1) . On the Russian side, it includes Chukotka, Wrangel Island, parts of the New Siberian Islands, and the adjacent continental shelf (Fig. 1) . On the North American side, it includes Saint Lawrence Island, Seward Peninsula, the Brooks Range, and the North Slope of Alaska (Fig. 2) . It is specifically the Neoproterozoic and early Paleozoic geology of the Seward Peninsula and the southern and western Brooks Range that are similar to Chukotka and the other crustal blocks in the Arctic (Churkin and Trexler, 1980; Natal'in et al., 1999; Dumoulin et al., 2002 Dumoulin et al., , 2011 Amato et al., 2014) .
Notably, little shared history has been documented for Arctic Alaska and Chukotka between the Permian and the Cretaceous. For example, most of central and western Chukotka is underlain by voluminous Triassic turbidites (Tuchkova et al., 2009) , while rocks of similar age in western Arctic Alaska are shale rich and were deposited in starved basins on a continental shelf (Moore et al., 2002) .
The apparent continuity of structural trends related to Mesozoic collisional deformation along the Arctic Alaska-Chukotka microplate from west to east has resulted in the common interpretation that structures on both sides of the Bering Strait (Fig. 2) were part of a single Late Jurassic-Cretaceous orogen (e.g., Hamilton, 1970; Churkin and Trexler, 1980; Nokleberg et al., 2000) . A closer examination of the timing and character of crustal shortening events yields a more complex picture. In the following text, the terms Arctic Alaska and Chukotka are used when history pertinent only to one part of the microplate is discussed. Deformation along the southern margin of the Arctic Alaska-Chukotka microplate | RESEARCH
Oceanic and Arc Rocks that Bounded the Southern Side of the Microplate
The southern boundary of the Arctic AlaskaChukotka microplate is traced by exposures of Paleozoic and Mesozoic oceanic rocks (Fig. 2) . These include rocks of the South Anyui suture zone on the west (Natal'in, 1984; Sokolov et al., 2002 Sokolov et al., , 2009 Amato et al., 2015) and the Angayucham terrane and Koyukuk arc on the east (Patton et al., 1994; Box and Patton, 1989; Pallister et al., 1989) . In eastern Chukotka, oceanic rocks of the Kolyuchin-Mechigmen zone occur within the microplate, flanked by continental crust.
In northern Alaska, the Angayucham terrane extends along the southern flank of the Brooks Range (Pallister et al., 1989) and is exposed in several klippe in the western part of a fold-andthrust belt (Harris, 2004;  shown as a single entity on Fig. 2 ). The Angayucham terrane is characterized by two structurally separate assemblages, the upper dominated by ultramafic rocks and the lower dominated by mafic rocks (Patton et al., 1994; Moore et al., 1994) . Ultramafic and mafic rocks of the upper assemblage yielded U-Pb and 40 Ar/
39
Ar hornblende ages of Ma and originated in an arc or back-arc setting (Harris, 2004 , and references therein). The lower assemblage is predominantly composed of pillow basalt and diabase with the chemical characteristics of within-plate or ocean-island basalts (Barker et al., 1988; Pallister et al., 1989; Karl, 1992) . Fossils recovered from thin layers of limestone and chert associated with the mafic rocks yielded Devonian to Early Jurassic ages Pallister et al., 1989) .
Volcanic, volcaniclastic, and plutonic rocks of the Koyukuk arc are exposed over a broad area south of the Brooks Range and east of Seward Peninsula (Fig. 2) . The oldest units in the Koyukuk arc are Middle Jurassic and older plutonic and sedimentary rocks that are located south of the Kanuti fault, more than 200 km south of the Brooks Range, and these represent a small volume relative to the arc as a whole (Fig. 2; Box and Patton, 1989) . They are unconformably overlain by volcanic and volcaniclastic rocks that represent the main phase of Koyukuk arc activity, which spanned the period ca. 145-130 Ma (Box and Patton, 1989) .
The South Anyui suture zone stretches from the New Siberian Islands in the west to the vicinity of the Bering Strait ( Figs. 1 and 2 ). The geology of the complex, poorly exposed rocks of the zone was summarized in Natal'in (1984), Sokolov et al. (2002 ), and Amato et al. (2015 . The suture zone contains mafic-ultramafic complexes that range in age from Carboniferous to Permian on the basis of 40 Ar/
Ar and U-Pb zircon data (Ganelin et al., 2013; Sokolov et al., 2015) , calc-alkaline and subalkaline volcanic and volcaniclastic rocks of the Nutesyn or Kulpolney arc that are Late Jurassic in age on the basis of fossils in associated sedimentary rocks (Natal'in, 1984; Sokolov et al., 2002) , and Late Jurassic and Cretaceous deep-and shallowwater sedimentary rocks (Amato et al., 2015, and references therein) .
Eastern Chukotka is transected by a tectonic assemblage of little-studied Permian, Triassic, and Jurassic oceanic rocks called the KolyuchinMechigmen zone (Fig. 2; Natal'in et al., 1999; Sokolov et al., 2009; Ledneva et al., 2011 Ledneva et al., , 2012 . Some workers include Permian-Triassic(?) turbidite sequences that host basaltic sheet flows, pillow lava, and a 252 Ma diabase, interpreted as rift related (Ledneva et al., 2011) , in the zone; others do not (e.g., Natal'in et al., 1999) . The www.gsapubs.org | Volume 8 | Number 3 | LITHOSPHERE more narrowly defined part of the KolyuchinMechigmen zone (Fig. 2) consists of ultramafic rocks, gabbro, and terrigenous, siliceous, and volcanic deposits, mostly of unknown age, in a tectonic mélange . The ultramafic and mafic rocks may be arc-related cumulates crystallized at pressures typical of mature or Andean-style arcs (Ledneva et al., 2012) . The sedimentary rocks include pyroclastic and tuffaceous sediments also thought to be arc related ). The KolyuchinMechigmen zone has been interpreted as a suture in some tectonic models (e.g., Sokolov et al., 2002) , but its full extent and history are unknown.
Although the age, tectonic affinities, and structural histories of rocks in the South Anyui suture zone and the Angayucham terrane are not completely understood, there is general agreement that they are remnants of closed ocean basins (Patton et al., 1994; Amato et al., 2015; Sokolov et al., 2015) . In several tectonic models, the rocks now exposed in the South Anyui suture zone and Angayucham terrane have been reconstructed as a single ocean basin (e.g., Nokleberg et al., 2000; Shepherd et al., 2013) . They are considered separate elements in others (e.g., Amato et al., 2015) . Continental crust of the Arctic Alaska-Chukotka microplate was deformed along its boundary with these ocean basins. The metamorphic and deformational histories of that continental crust, particularly in eastern Chukotka and northern Alaska, are the focus of this paper.
Metamorphic Rocks of the Southern Arctic Alaska-Chukotka Microplate
The characteristics of the deformational and metamorphic events that involved rocks along the southern margin of the Arctic Alaska-Chukotka microplate are outlined next. Most of the data presented are from the literature; data not previously published by the author are labeled as such.
Arctic Alaska
The Brooks Range orogen of northern Alaska stretches 1000 km from the Canadian border to the Lisburne Peninsula ( Figs. 1 and 2 ). Both Mesozoic and Cenozoic periods of crustal shortening produced the topographic expression of the range Moore et al., 2015) . Mesozoic deformation was north vergent and resulted in deep deformation of crust along the southern part of the orogen and development of a fold-and-thrust belt and foreland basin to the north. Two metamorphic belts parallel the southern margin of the Brooks Range orogen (Fig. 2) : the subduction-related blueschist-and greenschist-facies rocks of the Schist belt (Gottschalk, 1998) and the thrust-imbricated blueschist-and greenschist-facies rocks of the Central belt (Till et al., 1988) , also known as the Hammond terrane (Moore et al., 1994) and Skajit allochthon . The early metamorphic and deformational history of the Nome Complex of Seward Peninsula (Fig. 2) parallels that of the Schist belt.
St. Lawrence Island is situated south of the Bering Strait (Fig. 2) and is composed of unmetamorphosed Devonian and Mississippian carbonate rocks with strong similarities to those in the Nome Complex, Seward Peninsula; Devonian, Mississippian, and Triassic limestones and shales correlative with rocks in the Brooks Range; Permian to Triassic graywacke, shale, and associated gabbro and diabase possibly correlative with similar rocks on Chukotka; and Mesozoic to Cenozoic volcanic and plutonic rocks (Till and Dumoulin, 1994; Patton et al., 2011) . Mid-Cretaceous alkalic plutonic rocks are similar in age and composition to plutonic rocks on Chukotka and the Seward Peninsula .
Schist belt and Nome Complex. The ages of meta-igneous rocks and lithologic and paleontologic characteristics of carbonate rocks tie the protoliths of the Schist belt and Nome Complex to the more shallowly deformed rocks of Arctic Alaska exposed in the Brooks Range (Moore et al., 1997a; Amato et al., 2009 Amato et al., , 2014 Till et al., 2014) . These rocks are the subducted and exhumed southern margin of Arctic Alaska (Patrick and Evans, 1989; Gottschalk, 1998) . They are composed of penetratively deformed and recrystallized blueschist-facies rocks that reached peak pressure and temperature conditions of 1.0-1.3 GPa ( Fig. 3A ; equivalent to depths of 34-44 km assuming 0.34 km/GPa) and 450-500 °C (Patrick and Evans, 1989; Patrick, 1995; Gottschalk, 1998) . The blueschist-facies minerals and fabric were variably overprinted by greenschist-facies assemblages (Patrick and Evans, 1989; Patrick, 1995; Gottschalk, 1990 Gottschalk, , 1998 Little et al., 1994; .
The age of the blueschist-facies metamorphism is not precisely known because the effects of the greenschist-facies overprint complicate interpretation of geochronologic data. On the basis of complicated 40 Ar/ 39 Ar age spectra from white mica, Gottschalk and Snee (1998) considered 142 Ma to be the minimum age for blueschist-facies metamorphism of the Schist belt. Little et al. (1994) reported similar spectra from an adjacent area. One white mica sample from the Schist belt yielded 40 Ar/
39
Ar plateau and isochron ages of ca. 170-171 Ma (Christiansen and Snee, 1994) ; those authors concluded that this age represents cooling from a metamorphic event that predated greenschist-facies metamorphism. Gottschalk (1990) interpreted the dominant fabric in the Schist belt as a greenschist-facies, exhumation-related fabric that overprinted the blueschist-facies, subduction-related metamorphic features; identified similar relations in the Nome Complex. Shear sense indicators formed during greenschistfacies fabric development in the Schist belt near the Dalton Highway (Fig. 3B ) record top-tothe-north shear (Gottschalk, 1990) . A 40 Ar/ 39 Ar analysis of white mica associated with this fabric and similar fabrics to the west yielded a broad range of ages, from ca. 130 Ma to 110 Ma ( Fig. 3A ; Gottschalk and Snee, 1998; Christiansen and Snee, 1994) . White mica samples from the Schist belt near the Dalton Highway with concordant plateau and isochron ages cooled through the closure temperature for argon in white mica between 130 and 120 Ma (Blythe et al., 1996; Fig. 3A) . Nome Complex white micas yielded 40 Ar/
Ar plateau ages of 129-116 Ma (Hannula and McWilliams, 1995; Werdon et al., 2005) , similar to the range of ages from the Schist belt. Hannula and McWilliams (1995) interpreted these as minimum ages for blueschist-facies metamorphism. Sodic-calcic amphibole from a vein thought to have formed during decompression and heating of the Nome Complex produced a 40 Ar/ 39 Ar plateau age of 138.6 ± 1.0 Ma (Layer and Newberry, 2004) .
Conservatively, these ages suggest that the blueschist-facies rocks of the Schist belt and Nome Complex were subducted and reached peak pressure before ca. 140 Ma, by which time they were partially exhumed. On the basis of available data, peak pressure could have occurred as early as 160-170 Ma. The exhumation-related greenschist-facies metamorphism and deformation, at ca. 130-120 Ma, was synchronous in the Nome Complex and Schist belt.
Central belt. The Central belt, immediately north of the Schist belt, contains blueschist-, green schist-, and amphibolite-facies rocks metamorphosed during the Early Cretaceous (Figs. 2 and 3; Till and Snee, 1995; Toro et al., 2002; Vogl et al., 2002) . Rocks in the Central belt reached pressures as high as 0.6-0.8 GPa during this period, corresponding to burial depths of 20-27 km ( Fig. 3A ; Patrick, 1995; Till and Snee, 1995; Vogl, 2003) . At least two distinct metamorphic episodes affected Central belt rocks, one a regional event at blueschist and greenschistfacies conditions, and the other an amphibolitefacies event that affected a limited area in the central part of the range (Fig. 3B ).
Deformation associated with the regional metamorphic event was not penetrative; rather, it was concentrated in high-strain zones. Geologic maps of the Central belt show classic fold-andthrust structures (Dillon et al., 1986; Till et al., 2008) . However, the thrust surfaces, especially in the southern part of the belt, are ductile shear zones meters to tens of meters thick that contain well-developed stretching lineations (Till et al., 1988; Till and Snee, 1995; Toro et al., 2002) . Primary features of the continental margin rocks-sedimentary, igneous, and metamorphic textures-were penetratively deformed in the shear zones but preserved in the core of thrust sheets (Till et al., 1988; Toro et al., 2002) . In general, the intensity and ductile character of deformation in the shear zones decrease across the belt from south to north (Till et al., 1988) ; the structural contact of the Central belt with rocks to the north does not appear to be a major crustal boundary (Handschy, 1998) . Nanielik antiform. The blueschist-facies rocks of the Central belt are best exposed in the western Brooks Range at the Nanielik antiform (Fig. 3A) . There, Neoproterozoic metamorphic basement was imbricated with Paleozoic rocks at blueschist-facies conditions during the Early Cretaceous ( Fig. 4A ; Till and Snee, 1995; Till et al., 1988 Till et al., , 2008 . Mafic lithologies in the Neoproterozoic and Paleozoic sequences developed the diagnostic blueschist-facies assemblage crossite plus epidote during the thrusting event (Till and Snee, 1995) . Mafic rocks within shear zones (thrust planes) and tear faults in this structure are crossite-epidote L-tectonites, whereas in the core of the thrust sheets, crossite and epidote statically overprinted primary igneous or earlier metamorphic textures (Till et al., 1988) . Trends of stretching lineations formed in shear zones on thrust and tear faults, defined by crossite, actinolite, mica trains, and elongate clasts, indicate a north-south to northeast transport direction (Till and Snee, 1995) . Pressures of 0.6-0.7 GPa (20-24 km) are typically required to generate crossite and epidote in mafic rocks (Brown, 1986; Evans, 1990) . White mica from the tectonic fabric in a highly strained quartzrich conglomerate in the lower part of this structure yielded concordant plateau and isochron 40 Ar/ 39 Ar ages of 120 Ma (Till and Snee, 1995) . The total area affected by this blueschistfacies event is not known due to several factors, including a paucity of mafic lithologies in the Central belt, younger metamorphic events that may have overprinted high-pressure assemblages, and a general lack of detailed field investigations. However, mafic dikes that cut Paleozoic carbonate rocks in a broad region up to 100 km southwest of the Nanielik antiform also contain the assemblage crossite plus epidote ( Fig.  3A ; Till et al., 2008) . In addition, Patrick (1995) , using the composition of phengitic white mica in granitic orthogneiss, calculated metamorphic pressures of 0.5-0.8 GPa (17-27 km depths) up to 240 km east of Nanielik antiform (Fig. 3A) . These pressures overlap the likely peak pressure attained at the Nanielik antiform (Till and Snee, 1995) . Thus, Early Cretaceous blueschist-to high-pressure greenschist-facies meta morphism apparently affected a zone at least 340 km long from west to east.
A later tectonic event focused along the contact of the Schist belt and Central belt resulted in deformation of shear zones in the southern part of the Nanielik antiform (Figs. 3A and 4A; Till and Snee, 1995) . Late biotite from schist along the Schist belt-Central belt contact produced a 40 Ar/ 39 Ar age of 108.2 ± 0.2 Ma (Till and Snee, 1995) , interpreted as an age of deformation along the contact between the Schist and Central belts.
Shishakshinovik and Mount Igikpak plutons, central Brooks Range. Greenschist-facies metamorphism and associated north-vergent deformation affected the area around the Devonian Shishakshinovik and Igikpak plutons (Figs. 3A and 3B) . Near the Shishakshinovik pluton, the dominant greenschist-facies foliation contains aligned kyanite needles that define a N-S stretching lineation; small-scale kinematic indicators show a top-to-the-north sense of shear (Toro, 1998) . Pelitic rocks contain the mineral assemblage quartz-muscovite-chloritoidkyanite-biotite, which indicates conditions likely reached 0.3-0.8 GPa (depths of 10-27 km) and 400-540 °C (Toro, 1998) . A pressure of 0.55 ± 0.15 GPa was obtained from the pluton (Patrick, 1995) and likely records the same event. Biotite from the pluton yielded a somewhat disturbed 40 Ar/ 39 Ar weighted mean age of ca. 110 Ma, interpreted by Toro (1998) as a minimum age for the regional greenschist-facies event.
Toro et al. (2002) documented north-vergent deformation and associated metamorphism in the vicinity of the Igikpak pluton in the Central belt and adjacent areas to the north in the Deformation along the southern margin of the Arctic Alaska-Chukotka microplate | RESEARCH Endicott Mountains allochthon (Figs. 3A and 3B) . In an area of high strain adjacent to and north of the pluton, rocks were penetratively deformed and display two foliations (Toro et al., 2002) . The younger foliation formed at lowertemperature greenschist-facies conditions and contains well-developed north-south-trending stretching lineations and small-scale kinematic indicators that consistently display top-to-thenorth sense of shear (Toro et al., 2002) . North of the pluton and the metamorphic rocks, lessdeformed sedimentary rocks of the northern Central belt and southern Endicott Mountains allochthon also contain two foliations and northvergent kinematic indicators, though metamorphic minerals are only weakly developed (Toro et al., 2002) . White mica from the earlier-formed foliation in this area yielded 40 Ar/ 39 Ar weighted mean plateau and isochron dates of 112 and 111 Ma, interpreted by Toro et al. (2002) as the age of metamorphism and north-vergent deformation (Fig. 3A) . The 0.54 ± 0.15 GPa pressure obtained from the Igikpak pluton (Fig. 3A) likely records the amount of tectonic burial that occurred at that time (~18 km; Patrick, 1995) .
Arrigetch pluton, central Brooks Range. Greenschist-facies fabrics in the Central belt north east of the Devonian Arrigetch pluton (Figs. 3A and 3B) formed during north-vergent contractional deformation (Vogl, 2002) . The most deeply buried rocks that have these fabrics contain biotite that yielded plateau and isochron 40 Ar/ 39 Ar ages of 116-114 Ma (Vogl et al., 2002) . Locally, kyanite porphyroblasts grew across the fabrics formed during this event. The kyanite-bearing and underlying biotite-bearing rocks reached pressures of at least 0.3 GPa (>10 km; Vogl, 2003) .
In the vicinity of the Arrigetch pluton itself, a second crustal thickening event has been documented. There, the early structures associated with north-vergent thrust systems were folded and reoriented during large-scale south-vergent back folding and amphibolite-facies metamorphism ( Fig. 5A ; Vogl, 2002; Vogl et al., 2002) . Amphibolite-facies rocks at the core of the back fold developed consistent N-S-oriented mineral streaks, elongate quartz and calcite grains, and porphyroblast strain shadows . These rocks reached peak metamorphic pressures of at least 0.85-0.90 GPa (Vogl, 2003) , corresponding to burial depths of 29-30.5 km. Hornblende 40 Ar/ 39 Ar cooling ages are complex, but they indicate that peak metamorphic conditions were reached before ca. 105-103 Ma . Hornblende from the same area analyzed by Patrick et al. (1994) yielded concordant isochron and correlation diagram ages of 110 Ma.
Dalton Highway area, east-central Brooks Range. To the east, along the Dalton Highway (Fig. 3B) , the Central belt is structurally above the Schist belt (Moore et al., 1997b) . A cross section based on geologic map relations (Till et al., 2008) , outcrop-scale structures in the vicinity of the contact (Till and Moore, 1991; Till, personal observation, 1989 Till, personal observation, , 1990 Till, personal observation, , 1992 , and structural analysis by Avé shows that the Central belt was thrust to the south over the Schist belt (Fig. 5B) . The timing of this event is not known.
Seward Peninsula-Kigluaik, Bendeleben, and Darby Mountains. Rocks in all three of the mountain ranges on the Seward Peninsula (Fig. 6 ) preserve evidence that amphibolite-and granulite-facies metamorphism overprinted the blueschist-to greenschist-facies fabrics of the Nome Complex (Thurston, 1985; Patrick and Lieberman, 1988; Calvert et al., 1999; Amato and Miller, 2004; Till et al., 2011) . The Darby Mountains of southeast Seward Peninsula retain the clearest evidence of that overprint. Till et al. (2011) reported the locations of key metamorphic mineral assemblages and geochronologic data for the range; structural data and locations of isograds, as shown in Figure 7 , have not been previously published. In the northern Darby Mountains, biotite-grade minerals statically overprinted blueschist-facies minerals that define a shallowly dipping fabric. In the central part of the range, foliations are steeper and defined by assemblages that contain staurolite plus kyanite. These minerals formed at pressures of least 0.65-0.7 GPa (Spear, 1993) or a depth of more than 22-24 km. In the southern part of the range, rocks that contain sillimanite-to second sillimanite-grade assemblages have steeply dipping foliations ( Fig. 7 ; a fault-bounded block on the west side of the range contains similar rocks). Small bodies of anatectic biotite granite formed within the area that reached granulite facies (above the second sillimanite isograd; Fig. 7 ). These granites yielded a U-Pb zircon age www.gsapubs.org | Volume 8 | Number 3 | LITHOSPHERE of 108 Ma and a biotite K-Ar age of ca. 102 Ma . Decompression is recorded in highly aluminous rocks in the central part of the range, which preserve evidence of the reaction kyanite + orthoamphibole = cordierite + staurolite. This indicates that the rocks underwent decompression to pressures less than ~0.5 GPa (depths less than 17 km; Till et al., 2011) . The kyanite-bearing assemblages predated or formed synchronously with the 108 Ma anatectic granites. The biotite age of ca. 102 Ma likely reflects cooling associated with decompression. The vertical foliations and axial planes in these rocks are consistent with E-W shortening, but they may have been rotated since they were formed. These data suggest that an episode of high-grade metamorphism, deformation, and anatexis affected the blueschist-to greenschist-facies rocks of the Nome Complex in eastern Seward Peninsula, starting around 108 Ma. The earliest occurrence of high-grade metamorphism is challenging to identify and date in the Kigluaik and Bendeleben Mountains (Fig.  6) , where multiple pulses of Early and Late Cretaceous magmatism and metamorphism complicate the effort (Amato et al., 1994; Akinin and Calvert, 2002; Gottlieb, 2008) . Earliest-formed metamorphic assemblages in amphibolite-facies rocks of the Bendeleben Mountains contain kyanite and staurolite (Gottlieb, 2008) . The kyanitestaurolite assemblages formed at 0.7-0.8 GPa (depths of 24-27 km) and temperatures over 600 °C based on the petrogenetic grid (Spear, 1993) . North-vergent folds formed during this event, which is thought to be older than 104 Ma, based on the age of the oldest crosscutting granitic rock (Gottlieb, 2008) .
Schists on the southern flank of the Kigluaik Mountains contain blueschist-facies mineral assemblages overprinted by upper-greenschistfacies assemblages (Thurston, 1985; Calvert et al., 1999) . The core of the range is occupied by amphibolite-to granulite-facies metamorphic rocks that are 91 Ma or older, based on monazite ages (Amato et al., 1994) . At the base of the section, kyanite inclusions in garnet in a granulitefacies gneiss and boudins of garnet lherzolite partially recrystallized to spinel lherzolite are remnants of a pre-91 Ma high-pressure history (Lieberman and Till, 1987; Lieberman, 1988) . Garnet lherzolite is stable at pressures over 1.5-2.0 GPa, or approximate depths of 50-66 km (Garrido et al., 2011; Green et al., 2012) .
Chukotka
Anyui-Chukotka fold belt, western
Chukotka. The Anyui-Chukotka fold belt is a broad zone, locally more than 350 km wide perpendicular to its structural trend, that contains weakly metamorphosed and folded rocks ( Fig. 2) . Within the belt, Neoproterozoic crystalline rocks, Devonian and Carboniferous continental margin sedimentary rocks, and voluminous Triassic turbidites were all deformed and locally overlain by Late Jurassic to Cretaceous sedimentary rocks (Natal'in et al., 1999; Miller et al., 2006; Amato et al., 2014) . Most research on the deformational history of the fold belt was done in western Chukotka, north of the exposed portion of the South Anyui suture zone (Fig. 2) . There, the Neocomian age of shortening is based in part on stratigraphic constraints, as synorogenic strata as old as latest Jurassic and as young as Valanginian were involved in deformation Sokolov et al., 2009 ). The lower greenschist-facies metamorphism associated with these structures produced local mica growth and a weak metamorphic fabric (Tuchkova et al., 2007) . Over 250 km to the north, near the coast, N-S to NE-SW shortening produced gentle to tight folds that have moderate to steep axial-plane cleavage (Miller and Verzhbitsky, 2009 ). Plutons as old as 117 Ma cut the deformed rocks in western Chukotka ). In central Chukotka, Tikhomirov et al. (2008) noted that thick, 145 Ma caldera deposits are undeformed and rest unconformably on gently folded Upper Triassic sedimentary rocks, suggesting that deformation in that area occurred during the Jurassic rather than the Cretaceous. Near the South Anyui suture zone, northvergent thrusts emplaced oceanic crust, arc volcanic and volcaniclastic rocks, and related sedimentary rocks over the southern part of the Anyui-Chukotka fold belt (Sokolov et al., 2002 . Below these thrusts, sedimentary rocks of the fold belt were also folded and thrust to the north. Sokolov et al. (2009 Sokolov et al. ( , 2015 documented south-vergent structures within the South Anyui suture zone that formed synchronous with or after north-directed structures. Dextral strikeslip faults were the latest structures developed along the boundary between the South Anyui suture zone and the Anyui-Chukotka fold belt (Sokolov et al., 2002 .
Offshore northern Chukotka. On Wrangel Island, north of central Chukotka (Fig. 2) , Neoproterozoic, Paleozoic, and Triassic rocks were folded and thrusted during north-vergent shortening ( Fig. 4B ; Kos'ko et al., 1993; Verzhbitsky et al., 2015) . In deeper parts of the deformed section, high strain produced L-S tectonites; primary features are preserved in sedimentary rocks deformed at shallower levels (Miller et al., 2010b) . Mafic igneous and semipelitic sedimentary rocks contain greenschist-facies assemblages; temperatures of deformation were in the range of 350 °C to 450 °C (Kos'ko et al., 1993; Miller et al., 2014) . Miller et al. (2014) considered the metamorphic assemblages and high-strain fabrics to be products of extension. The age of metamorphism and deformation is not known, but an apatite fission-track study revealed that the entire package of rocks was cooled to ~100 °C by 95 Ma .
Geophysical studies of the continental shelf west and east of Wrangel Island reveal northvergent structures of probable Mesozoic age extending from the Chukotka shoreline to the northern edge of the shelf (Drachev, 2011; Verzhbitsky et al., 2015) . Drachev (2011) identified a narrow foreland basin along the edge of the shelf from the New Siberian Islands to northern Alaska (Figs. 1 and 2) . The width of the shelf has been modified by Late Cretaceous and Paleogene tectonics, so the original size of the offshore area underlain by contractional structures is difficult to reconstruct.
Senyavin uplift. The Senyavin uplift of southeastern Chukotka is south and west of the Kolyuchin-Mechigmen zone (Fig. 8) . All of the information on the Senyavin uplift synthesized here is from Calvert (1999) and Akinin and Calvert (2002) . The uplift is a 1500 km 2 area of metamorphic rocks directly overlain by thick volcanic and volcaniclastic rocks (Fig. 8) . The metamorphic section in the Senyavin uplift is composed of oceanic and continental shelf rocks that were imbricated, buried to depths of 20-27 km (0.6-0.8 GPa), and recrystallized at amphibolite-facies conditions. High strain accompanied recrystallization and produced NE-SW-oriented stretching lineations defined by aligned kyanite, sillimanite, hornblende, and mica trains. Folds of the foliation and associated offset of leucocratic layers, formed at high temperatures, record north-vergent deformation. The 40 Ar/ 39 Ar weighted mean and plateau cooling ages from three metamorphic hornblendes indicate that peak metamorphism occurred before 132 Ma (Fig. 8) . White mica cooling ages of 130-131 Ma record rapid cooling between 132 and 130 Ma. U-Pb zircon ages of ca. 135 Ma from amphibolite-facies gneissic granite exposed near the Senyavin uplift suggest that peak metamorphism in southeastern Chukotka occurred at or before 135 Ma and was accompanied by granitic magmatism (Pease et al., 2007; .
Chegitun River area and Koolen dome, northeastern Chukotka. Greenschist-facies rocks of the Chegitun River area are exposed northeast of the Kolyuchin-Mechigmen zone in eastern Chukotka (Fig. 8) . The Paleozoic sedimentary rocks of the Chegitun River area underwent greenschist-facies metamorphism and penetrative deformation around 120 Ma (Toro et al., 2003) . Deformational fabrics in these rocks include NE-SW or N-S lineations defined by aligned minerals, stretched pebbles, and strain shadows on pyrite (Toro et al., 2003) . The burial depth of these rocks is not known. The 40 Ar/ 39 Ar analyses of white mica from the earliest-formed fabric yielded weighted mean ages of 117-124 Ma (Toro et al., 2003) . One of the three samples yielded concordant total fusion, isochron, and weighted mean ages of 121 Ma (Toro et al., 2003) , which may closely approximate the age of metamorphism. The greenschist-facies rocks are in fault contact with the western flank of the Koolen dome (Fig. 8) .
The Koolen dome, also northeast of the Kolyuchin-Mechigmen zone, is a large (3000 km 2 ) expanse of amphibolite-to granulite-facies and associated igneous rocks with a protracted history that spanned the Cretaceous ( Fig. 8 ; BSGFP, 1997; Akinin and Calvert, 2002) . Evidence for Early Cretaceous midcrustal metamorphism is preserved on its west flank, where the earliest-formed assemblages in amphibolitefacies pelitic rocks contain kyanite that crystallized before formation of the dominant foliation (Toro et al., 2003) . The dominant foliation formed at a lower pressure, as the fabric contains the assemblage sillimanite plus cordierite (Toro et al., 2003 Ar hornblende age of 103 Ma also records cooling ( Fig. 8 ; Akinin and Calvert, 2002) .
Remnants of the midcrustal meta morphic event may be present near the core of the Koolen dome. There, amphibolite-to granulite-facies rocks record peak temperatures in excess of 700 °C and peak pressures of 0.6-0.8 GPa (20-27 km; Akinin and Calvert, 2002) . It is likely these rocks traversed the kyanite stability field before reaching peak temperature (see fig. 3 of Akinin and Calvert, 2002) . Small bodies of foliated leucogranite thought to be partial melts formed during this event and yielded U-Pb monazite ages, overlapping within error, of 104 Ma (BSGFP, 1997; Akinin and Calvert, 2002) . Therefore, maximum burial of metamorphic rocks in the core of Koolen dome occurred before 104 Ma, likely synchronous with the pre-109 Ma maximum burial of rocks on the west flank. Toro et al. (2003) suggested that the kyanite-bearing assemblages on the west flank formed at about the same time as the greenschist-facies rocks in the Chegitun River valley (ca. 120 Ma). On the basis of this interpretation, maximum burial of rocks in both the Chegitun River valley and the entire Koolen dome was synchronous and occurred in the early Aptian.
www.gsapubs.org | Volume 8 | Number 3 | LITHOSPHERE

LATEST JURASSIC AND EARLY CRETACEOUS TECTONIC EVOLUTION
It is a goal of this paper to synthesize the metamorphic and deformational histories presented herein and put them in spatial and temporal context with concurrent shallow-level deformation, magmatism, and basin formation within the Arctic Alaska-Chukotka microplate. This information, together with that from the oceanic rocks of the South Anyui suture zone and the Angayucham terrane, provides a basis for reconstructing the tectonic evolution of the southern margin of the Arctic Alaska-Chukotka microplate during the latest Jurassic and Early Cretaceous.
Evolution of the Southern Margin of the Arctic Alaska-Chukotka Microplate
Southward subduction of the southern margin of Arctic Alaska is generally accepted as the first event that led to collisional orogenesis in the Brooks Range (Roeder and Mull, 1978; Moore et al., 1994; . The timing of subduction is unknown, due in part to the uncertain age of blueschist-facies metamorphism in the Schist belt and Nome Complex. Because Jurassic arc-related igneous rocks are present in the Brooks Range (Harris, 2004 , and references therein) and several 40 Ar/ 39 Ar cooling ages from the blueschist-facies rocks of the Schist belt are 142 Ma or older (Christiansen and Snee, 1994; Gottschalk and Snee, 1998) , the age of blueschist-facies metamorphism is assumed here to be latest Jurassic or to coincide with the Jurassic-Cretaceous boundary.
The status of the South Anyui suture zone and the nature of the tectonic boundary between Chukotka and the suture zone during the Late Jurassic are not well constrained. On the basis of detrital zircon ages from a Late Jurassic-Early Cretaceous basin on Chukotka, argued that the suture zone had closed by the Tithonian. Others contend that closure initiated in the Late Jurassic and was completed during the Early Cretaceous via north-dipping subduction under Chukotka (Amato et al., 2015; Nokleberg et al., 2000; Sokolov et al., 2002 Sokolov et al., , 2009 Shepherd et al., 2013) . Whether the Late Jurassic Nutesyn (or Kulpolney) arc (now exposed within the suture zone) developed on continental or oceanic crust is a key difference among these models. Tikhomirov et al. (2008) concluded that the geochemistry of a 146-144 Ma highly felsic caldera deposit in central Chukotka is consistent with its formation over an Andean-type subduction system. At the commencement of the tectonic scenario shown in Figure 9 , a Late Jurassic-earliest Cretaceous north-dipping subduction zone is shown as the boundary between Chukotka and the South Anyui suture zone, which has yet to fully close.
Berriasian-Barremian (Neocomian: 145-126 Ma)
On the Arctic Alaska side, the locus of deformation shifted from the south-dipping subduction zone to the subjacent continental crust by earliest Neocomian time. Contractional deformation in the thin-skinned Brooks Range foldand-thrust belt, and, by inference, deeper crustal shortening to the south in the Brooks Range hinterland, was well under way during the Neocomian (Fig. 9A) . Zircon fission-track ages from the fold-and-thrust belt in the central and western Brooks Range indicate that crustal shortening commenced before ca. 138-130 Ma (Blythe et al., 1996; O'Sullivan et al., 2000) . The zircon grain ages obtained require burial to depths of ~6-9 km before 138-130 Ma, and track lengths document rapid cooling at 138-130 Ma; both burial and cooling were accomplished by shortening episodes (Blythe et al., 1996; O'Sullivan et al. 2000) . Berriasian-Valanginian (145-134 Ma) turbidite and debris-flow deposits are the oldest deposits of the Brooks Range foreland basin (Moore et al., 2015 , and references therein). These proximal deposits contain heavy minerals and lithic fragments derived from a volcanic arc, mafic and ultramafic rocks, sedimentary rocks of the Arctic Alaska-Chukotka microplate, and metamorphic detritus, consistent with www.gsapubs.org | Volume 8 | Number 3 | LITHOSPHERE deposition in an arc-continent collision setting Moore et al., 2015) . They also contain small numbers of detrital zircons likely derived from Triassic turbidites and sandstones similar to those exposed on Chukotka, Wrangel Island, and the Lisburne Peninsula of northwestern Alaska ( Fig. 2 ; Moore et al., 2015) . Map-scale folding, development of cleavage, and lower-greenschist-facies metamorphism in the Anyui-Chukotka fold belt extend across a broad area (Tuchkova et al., 2007) and were more strongly developed in areas close to the South Anyui suture (Sokolov et al., 2002; Miller and Verzhbitsky, 2009 ). However, there are no metamorphic rocks that were buried to midcrustal depths adjacent to the South Anyui suture zone, as would be expected if significant amounts of crustal shortening had occurred along that boundary. Deformation was accompanied by deposition of synorogenic strata Amato et al., 2015) and at least one period of magmatism (ca. 135 Ma; Luchitskaya et al., 2013) .
Rocks in the Senyavin uplift, southeast Chukotka, record burial of oceanic and subjacent continental rocks to midcrustal depths, where they underwent high-grade metamorphism, incipient melting, and north-vergent deformation at ca. 135 Ma (Calvert, 1999; Fig. 9A) . Senyavin is separated from other midcrustal metamorphic rocks in east Chukotka by the cryptic Kolyuchin-Mechigmen zone (Figs. 2  and 8) , and no correlative metamorphic events further west on Chukotka have been identified. Thus, the tectonic setting of burial, granitic magmatism, and subsequent cooling is unknown.
Early Aptian (125-118 Ma)
The most significant period of metamorphism and crustal thickening in Arctic Alaska and eastern Chukotka was the earlier part of the Aptian. Crustal shortening and associated north-vergent deformation affected a broad area that included northeastern Chukotka, the Lisburne Peninsula, and the Brooks Range ( 
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Schist belt S ch is t be lt Central belt Deformation along the southern margin of the Arctic Alaska-Chukotka microplate | RESEARCH 9B; Till and Snee, 1995; Toro et al., 2002 Toro et al., , 2003 Moore et al., 2002; Vogl, 2003) . Rocks of the Central belt in the Brooks Range were buried to depths of 20-27 km, and blueschist-facies mineral assemblages formed synchronously with north-vergent thrusting (Till and Snee, 1995; Toro et al., 2002; Vogl, 2003) . High-pressurelow-temperature metamorphism affected an area extending at least as far to the east as the Igikpak pluton (Fig. 3B) , based on phengite geobarometry (Patrick, 1995) . Thus, the early Aptian blueschist-facies metamorphic belt in northern Alaska was at least 340 km long. In northern Alaska, the partially exhumed Nome Complex and Schist belt likely provided at least part of the tectonic load that produced the metamorphic rocks; 40 Ar/ 39 Ar cooling ages associated with exhumation-related greenschist-facies fabrics in the Nome Complex and Schist belt support this contention. Although numerous assumptions are required to estimate the total crustal thickness during this metamorphic event, it is possible that it would have been on the order of 50-60 km.
Greenschist-facies metamorphism of rocks along the Chegitun River, northeast Chukotka, was synchronous with the blueschist-facies metamorphism at the Nanielik antiform (ca. 120 Ma; Toro et al., 2003) . Although burial depth of the Chegitun River rocks is unknown, Toro et al. (2003) suggested that metamorphism and burial of those rocks were synchronous with the early metamorphic history of rocks in the Koolen dome, which were buried to depths of 20-27 km (Akinin and Calvert, 2002) . Toro et al. (2003) estimated that the thickness of the crust at the time of burial was ~59 km. This belt of thickening may have extended offshore (Drachev, 2011; Verzhbitsky et al., 2012) . Metamorphism and north-vergent deformation of rocks on Wrangel Island may have been early Aptian events.
Although no early Aptian metamorphic event has been identified on Seward Peninsula, it is likely that rocks of the peninsula participated in this thickening event. The estimated total crustal thicknesses at Koolen dome and the Central belt are similar to the thickness required to produce garnet in lherzolite (Garrido et al., 2011; Green et al., 2012) ; the early high-pressure metamorphism recorded in the core of the Kigluaik Mountains could have occurred at this time, as well as the early north-vergent deformational event in the Bendeleben Mountains (Gottlieb, 2008) .
No corresponding Aptian crustal thickening event is known in western and central Chukotka. Magmatism was under way in Chukotka during the first half of the Aptian. The 2.4-km-thick, mildly deformed, 121 Ma to 118 Ma andesites and trachytes of the Tytylveem suite are exposed in a northwest-trending trough in western Chukotka (U-Pb zircon ages; Tikhomirov et al., 2009a; Akinin and Miller, 2011; Tikhomirov, 2013, written commun.) . Granitic rocks of similar age occur in eastern Chukotka (Pease et al., 2007) , south of the Kolyuchin-Mechigmen zone (Fig. 9B) . Pease et al. (2007) postulated that the magma mixing textures in these rocks are typical of those found in plutons formed in Andeanstyle collision zones, and that the 124-120 Ma rocks of eastern Chukotka may be remnants of an Aptian arc. Thus, there may have been a period of north-dipping subduction under Chukotka during the earlier part of the Aptian (as shown in Fig. 9B ), but further geochemical study is needed to evaluate the possibility.
Late Aptian (117-113 Ma)
Two important events occurred during the middle to late Aptian (Fig. 9C) . Sediments derived from Chukotka and northern Alaska began to pour into the Brooks Range foreland basin (Colville Basin of Fig. 2 ; Lease et al., 2014; Moore et al., 2015) , and the overall style of deformation that affected western Chukotka changed from contractional to extensional or transtensional Miller and Verzhbitsky, 2009 ).
Delivery of a huge volume of sediment to the Brooks Range foreland basin began in the middle to late Aptian (Lease et al., 2014; Moore et al., 2015) . This sediment was deposited in a large sequence of clinoforms that prograded from west to east along the Colville Basin axis ( Fig. 2 ; Nanushuk and Torok Formations; Houseknecht et al., 2009). The clinoform sequences are up to 2500 m thick, and the sediment dispersal system was ~300-500 km long. The volume of material in the clinoform sequence is larger than any comparable sequence in the world (Houseknecht et al., 2009) . Detrital zircon studies of the Nanushuk-Torok system showed that progradation started around 116-115 Ma and progressed from west to east over the interval 116-104 Ma (Lease et al., 2014; Moore et al., 2015) . Flexural subsidence created the deep trough into which the clinoform sequences prograded (Houseknecht et al., 2009; Houseknecht and Bird, 2011) . That subsidence was likely caused by the same tectonic load that generated the regional blueschist-to greenschist-facies metamorphism in the Brooks Range Central belt and northeastern Chukotka at ca. 120 Ma.
Sediment was supplied to the NanushukTorok system from at least two source areas (Fig.  9C) . Detrital zircon studies confirm that Triassic turbidites in Chukotka and/or Wrangel Island were a source for sediments in the Nanushuk and Torok Formations (Lease et al., 2014; Moore et al., 2015) . Heavy mineral studies show that the Nanushuk and Torok Formations contain the same assemblage of minerals that is typically found in the blueschist-facies rocks of the Nome Complex and Schist belt (muscovite + chloritoid + garnet ± glaucophane; Till, 1992) . No blueschist-facies rocks are known from Chukotka. Till (1992) found muscovite + garnet + chloritoid in the oldest parts of the Nanushuk-Torok system that were sampled and suggested that exhumation of the metamorphic source terrane occurred before deposition of the clinoforms. Further support for this contention is present in western exposures of the Aptian Fortress Mountain Formation, which contain detrital muscovite and carbonate grains that must have been derived from a metamorphic source (Mull, 1985) . The Fortress Mountain Formation underlies parts of the Torok Formation (Moore et al., 2015, and references therein) . Presence of the diagnostic mineral assemblage muscovite + garnet + chloritoid ± glaucophane in the clinoform sequence and the presence of detrital muscovite in the underlying Fortress Mountain Formation are direct evidence that the Nome Complex and/or the Schist belt reached the surface during the Aptian (Fig. 9C) .
Shortening in the Brooks Range fold-andthrust belt was widespread during the Aptian, based on regional relations, deposition of orogenic clastic rocks, and backstripping models (Moore et al., 1994; Cole et al., 1997; Houseknecht and Wartes, 2013) . The Aptian age of thrusting is directly documented on the Lisburne Peninsula, westernmost Brooks Range, where a contractional deformation front is exposed on and offshore (Moore et al., 2002; Fig. 2) . Fifteen apatite fission-track samples yielded results that indicate tectonic burial between 132 and 115 Ma; rapid partial exhumation at ca. 115 Ma may have been accomplished by continued shortening ( Fig. 9C ; Moore et al., 2002) .
In contrast, during the latter part of the Aptian, the Anyui-Chukotka fold belt was the site of shallow 117-112 Ma magmatism and associated ductile and brittle structures thought to have formed in an extensional or transtensional setting (Miller and Verzhbitsky, 2009; ). West-northwest-trending dextral strike-slip faults deformed the rocks in the South Anyui suture zone and in the adjacent Triassic turbidites (Sokolov et al., 2002 . Offsets of at least 10 km have been observed, and flower structures are associated with some strands (Natal'in, 1984; . The strike-slip faults deformed rocks as young as and ceased movement before the early phases of the Okhotsk-Chukotsk volcanic belt were deposited in the mid-Albian (Sokolov et al., 2002 ). On Figure 9C , strike-slip movement in the South Anyui suture is interpreted to be coeval with emplacement of the 117-112 Ma plutons. Contractional structures were active in the southern Brooks Range during the period 110-104 Ma. Deformation was concentrated along the Schist belt-Central belt contact at the Nanielik antiform in the west (Till and Snee, 1995) ; south-vergent back thrusting along that contact was accompanied by amphibolite-facies metamorphism at midcrustal depths in the Arrigetch area to the east ( Fig. 3B ; Vogl et al., 2002) . Along the Dalton Highway (Fig. 3B) , most of the Central belt was involved in south-vergent back thrusting (Avé .
By earliest Albian time, the tectonic evolution of eastern Chukotka, St. Lawrence Island, Seward Peninsula, and the area east of Seward Peninsula diverged from that of the Brooks Range. Around 113-111 Ma, each of these areas was intruded by alkalic plutons ( Fig. 9D ; Amato et al., 2003, and references therein) . By 108 Ma, magmatism (some alkalic) was under way in a broad zone from western Chukotka to the area east of Seward Peninsula ( Fig. 9D ; Miller, 1989; Amato et al., 2003; Luchitskaya et al., 2014) .
On Seward Peninsula, midcrustal metamorphism and shallow-level deformation accompanied 108 Ma alkalic plutonism. Structures associated with lode gold mineralization in southern Seward Peninsula formed during Albian eastwest contraction (Pink and Rodgers, 2010) . Vein mineralization is associated with regional north-to northwest-trending folds of the blueschist to greenschist foliation of the Nome Complex (Fig. 6; Pink and Rodgers, 2010; . Kinematic indicators associated with the folds and related low-angle faults show that they formed during northeast-to east-directed thrusting; dilational gold veins are kinematically related to these contractional structures (Pink and Rodgers, 2010) . Two samples of late, undeformed muscovite from these veins produced 40 Ar/ 39 Ar plateau, isochron, and total gas ages of 104 Ma (Calvert, 2011, written commun.) . Vein white mica from elsewhere in southern Seward Peninsula yielded plateau and total gas ages of ca. 106 Ma (Werdon et al., 2005) and 109 Ma (Ford and Snee, 1996) . In short, brittle structures associated with shallow-level deformation and mineralization in the Nome Complex formed during the Albian (no later than 104 Ma) during an episode of NE-SW or E-W contraction.
Although this shallow-level deformational event did not result in significant shortening within the Nome Complex, its timing was roughly coeval with metamorphism and anatexis in the Darby Mountains and formation of a basin east of Seward Peninsula (Fig. 9D) . Rocks in the Darby Mountains record midcrustal high-grade metamorphism, anatexis, and exhumation from ~20 km depths around 108-102 Ma. Detritus from the Nome Complex was shed eastward into the Albian-Cenomanian Lower Yukon subbasin ( Fig. 2 ; Nilsen, 1989; . The west side of the basin contains shallow-marine, locally conglomeratic calcareous graywacke with Paleozoic meta-limestone cobbles derived from the Nome Complex ( Fig.  9D ; Nilsen, 1989; Till et al., 2011) . Both the Colville Basin, north of the Brooks Range (Fig.  2) , and the Lower Yukon subbasin, south of the Brooks Range, received detritus from the Nome Complex or similar metamorphic rocks during Albian-Cenomanian time.
During the Albian, magmatism and deformation affected a broad area in central and western Chukotka. In central Chukotka, 108-105 Ma plutons (Fig. 9D) were emplaced at shallow crustal levels (Miller and Verzhbitsky, 2009; Tikhomirov et al., 2009b; Kulyukina et al., 2013; Luchitskaya et al., 2014) . The elongate shape of some plutons has been attributed to NW-SE extension related to right-lateral strike-slip faults (Luchitskaya et al., 2014) . Brittle extensional structures in western Chukotka (Fig. 2) , studied by Miller and Verzhbitsky (2009) , have orientations consistent with formation in a NNW-SSE right-lateral wrench fault system. A system of dextral strike-slip faults, active during emplacement of plutons in western and central Chukotka, likely accommodated strain over a broad area from the South Anyui suture zone to Wrangel Island. This type of deformation may have started as early as 117 Ma .
During the middle to late Albian, a plateboundary shift resulted in formation of the Okhotsk-Chukotsk volcanic belt, which extended 3250 km along the northwest Pacific margin over a north-dipping subduction zone ( Fig. 2 ; Akinin and Miller, 2011) . The South Anyui suture was closed by this time. Early deposits of the belt in the Chukotka region formed around 104-103 Ma ( Fig. 9D ; Akinin and Miller, 2011; Tikhomirov et al., 2012) . Related magmatism might have extended as far east as Seward Peninsula and adjacent areas, where 104 Ma plutonic rocks with arc chemistry are known (Miller, 1989; Amato et al., 2003) .
DISCUSSION
Although this synthesis and interpretation are built upon a limited amount of data, there is clear evidence for considerable Early Cretaceous crustal shortening within Arctic Alaska. The timing of the major period of shortening (early Albian, around 120 Ma) followed soon after the period of seafloor spreading in the Canada Basin (131-127.5 Ma; Grantz et al., 2011) and immediately preceded voluminous sedimentation in the Brooks Range foreland basin (116-115 Ma; Lease et al., 2014; Moore et al., 2015) . Correspondingly, shortening in western and central Chukotka, based on the apparent absence of any deeply buried metamorphic rocks or thrusts with significant offset, appears to have been relatively limited.
Uncertainties remain, however, especially on the Chukotka side of the Bering Strait. The extent of Aptian crustal thickening in the offshore adjacent to northeast Chukotka and Wrangel Island is unknown (Drachev, 2011; Verzhbitsky et al., 2015) . Identification of the offshore trace of the Kolyuchin-Mechigmen zone could lead to a more complete picture. Although the amount of Early Cretaceous shortening in the rest of Chukotka west of the Kolyuchin-Mechigmen zone appears to be limited, crustal shortening could have been concentrated on structures that are now offshore to the north.
Arctic Alaska and Chukotka-One Microplate or Two?
Arctic Alaska and Chukotka have late Proterozoic and Paleozoic rocks with similar igneous ages . Paleozoic sedimentary rocks as young as Carboniferous in northeastern Chukotka, Wrangel Island, Seward Peninsula, and the southern Brooks Range are similar in age and lithology; early Paleozoic rocks contain similar fauna (Natal'in et al., 1999; Dumoulin et al., 2002; Miller et al., 2010a) . However, no geologic ties between Arctic Alaska and Chukotka have been established between the end of the Carboniferous and the beginning of the Cretaceous.
As noted by Miller et al. (2006 Miller et al. ( , 2010a , the Triassic deposits of Chukotka and Arctic Alaska are markedly dissimilar. Detrital zircon ages from the voluminous Triassic sequences in Chukotka suggest that the Taimyr and Verkhoyansk regions were sources of sediment (Fig. 10; Miller et al., 2006 Miller et al., , 2010a . Detrital zircon ages from Jurassic-Cretaceous sandstones from Chukotka and the New Siberian Islands indicate that Siberia was the likely source area for both regions . In contrast, Gottlieb et al. (2014) showed that the ages of detrital zircons from rare thin Triassic sandstones on the Lisburne Peninsula, western Alaska (Fig. 2) , are more like those in Triassic-Jurassic sandstones of Axel Heiberg Island in the Canadian Arctic (Fig. 10) than those of Chukotka. Detrital zircons from Jurassic and Early Cretaceous deposits in the Brooks Range were locally sourced (Moore et al., 2015) . Taken together, these detrital zircon studies support separate Triassic and Jurassic histories for Chukotka and Arctic Alaska.
The Early Cretaceous tectonic evolution outlined here shows that Arctic Alaska and Deformation along the southern margin of the Arctic Alaska-Chukotka microplate | RESEARCH Chukotka could have been tectonically independent until the Aptian. The distribution of Aptian thickening is consistent with rotation of Arctic Alaska, northeastern Chukotka, and the adjacent offshore area as a block; central and western Chukotka, based on metamorphic information, may not have been involved in rotation.
If the Arctic Alaska-Chukotka microplate was two separate pieces of crust before Early Cretaceous collision, the Kolyuchin-Mechigmen zone is a candidate for the suture between those pieces (Fig. 10) . The zone traces the boundary between the considerably thickened rocks of Arctic Alaska and northeast Chukotka and those less thickened in the Anyui-Chukotka fold belt. The pattern of Aptian crustal thickening suggests that the rocks of Chukotka north of the Kolyuchin-Mechigmen zone (including parts of the continental shelf) were part of Arctic Alaska before opening of the Canada Basin (Fig. 10) . The Senyavin uplift, which sits south of the Kolyuchin-Mechigmen zone, is the one crustal element that cannot be fit into this model.
Little is known about the KolyuchinMechigmen zone. It could be a closed suture and a focus of strike-slip deformation. The zone could represent part of the South Anyui suture that was enveloped by a transform fault system (Toro et al., 2002) or an independent suture that closed a short-lived Triassic-Middle Jurassic (?) ocean basin in earliest Aptian time (see fig. 6 of Sokolov et al., 2002) . Alternatively, the oceanic rocks in the zone could be klippe of material emplaced on the Arctic Alaska-Chukotka microplate margin during arc-continent collision (Toro et al., 2002) and subsequently enveloped by strike-slip deformation. Whatever its origin and history, the Kolyuchin-Mechigmen zone now traces a significant boundary with respect to the crustal shortening histories of Alaska and Chukotka and therefore deserves further investigation.
Size of the Arctic Alaska-Chukotka Microplate before Rotation
In Arctic Alaska, both the burial depth of rocks metamorphosed during the Aptian and Albian and the amount of offset on crustal-scale structures indicate that a large amount of crustal shortening occurred. Therefore, the total area of Arctic Alaska considerably decreased. In particular, the boundary between the Brooks Range Schist and Central belts (Fig. 3) accommodated on the order of a hundred kilometers of crustal shortening. The Schist belt and correlative Nome Complex were subducted to depths in excess of 30 km during the Late Jurassic or Early Cretaceous (Patrick and Evans, 1989; Patrick, 1995) ; the Central belt was not. There is no evidence that the Central belt was metamorphosed before the Aptian; consequently, if it was part of the subducted crustal slab during the Jurassic or earliest Cretaceous, it only reached shallow depths. At subduction dip angles of 10°, which are reasonable for continental crust, thermobarometric data indicate the protoliths of the Schist belt traveled ~200 km down the subduction zone in the subducted slab. Allowing for subduction of the Central belt rocks to half the depth of the Schist belt, a section of crust 100 km wide would have separated protoliths of the two belts. The distance was likely greater, as the Central belt was probably not subducted to depths of 15 or 20 km during the Jurassic, and a minimum for peak pressure was used in the calculations (0.9 GPa). In short, at the time that the Schist belt reached peak pressure, the continental margin rocks that were to become the Central belt were a considerable distance up the slab, or not in the subduction zone at all. Therefore, during the Early Cretaceous, a major structure or set of structures cut out the section of continental crust that had separated the two belts and emplaced the Schist belt over the Central belt. The contact between the Schist and Central belts accommodated more shortening within the continental crust than any other collision-related structure in Arctic Alaska or Chukotka.
During the earlier part of the Albian, the southern margin of the Arctic Alaska-Chukotka microplate became structurally segmented as the character of deformation in Chukotka and Seward Peninsula diverged from that of the Brooks Range. The location of the AlbianCenomanian Lower Yukon subbasin east of Seward Peninsula (Fig. 2) suggests that rocks of the Seward Peninsula migrated to the south and east relative to the western Brooks Range; the presence of detritus from Seward Peninsula in that basin indicates some crustal thickening occurred during that migration.
The magmatic histories of Chukotka and the Seward Peninsula link them together by the Albian (Miller, 1989; Amato et al., 2003) . The crustal-scale deformational histories of the two areas are not well understood during this time period. In western and central Chukotka, transtension or some form of transcurrent boundary may have been active (Miller and Verzhbitsky, 2009; Tuchkova et al., 2014) . Strike-slip faults, at least some of probable Albian age, have been noted in and adjacent to the South Anyui suture, in western Chukotka, and on Wrangel Island (Sokolov et al., 2002 Tuchkova et al., 2014; Verzhbitsky et al., 2015) . In eastern Chukotka and Seward Peninsula, midcrustal high-grade metamorphism and anatexis, followed by rapid exhumation, overlapped in time with shallow-level east-vergent deformation (Calvert, 1999; Akinin and Calvert, 2002; Pink and Rodgers, 2010; this paper) . Together, these complex patterns of magmatism and deformation in Chukotka and Seward Peninsula may record their eastward tectonic escape in response to final closure of the South Anyui suture. The escape could have been facilitated by a magmatically softened midcrust in Chukotka and the Seward Peninsula, where Albian plutons are commonly foliated (Gottlieb, 2008) , and a lack of rigidity in the transitional crust east of Seward Peninsula (Arth et al., 1989) . The combined strike length of the Nome Complex and Schist belt is 850 km. The existence of this large metamorphic belt requires that Arctic Alaska was subducted to the south during the early phases of collisional orogenesis under an arc system at least 850 km long. This is an important constraint on the tectonic evolution of Arctic Alaska, and it is potentially important as a driver for opening of the Canada Basin. Improved control on the age of blueschist-facies metamorphism of the Nome Complex and the Schist belt is needed in order to constrain the timing of subduction and identity of the related arc.
The arc that participated in the collision is thought by many to be the Koyukuk arc ( Fig.  2 ; Moore et al., 1994; Nokleberg et al., 2000; Shepherd et al., 2013) . The age of the Koyukuk arc is based on a small number of K-Ar and fossil ages from interlayered sedimentary rocks (Box and Patton, 1989) . Apparently, a small part of the Koyukuk arc is Jurassic, and most is Early Cretaceous in age, spanning the period 145-130 Ma (Box and Patton, 1989) . However, Middle Jurassic igneous rocks with arc or back-arc chemistry are preserved in the Brooks Range klippe (Harris, 2004) . In addition, the oldest syntectonic sedimentary deposit in the Brooks Range is a Late Jurassic wacke composed largely of arc-derived detritus that was deposited on oceanic rocks of the Angayucham terrane (Moore et al., 2015) . Detrital zircons from the wacke range in age from 180 to 140 Ma and have an age probability peak at ca. 155 Ma; a granodiorite clast analyzed in the same study produced a Late Jurassic age (Moore et al., 2015) , consistent with the likelihood that remnants of a long-lived Middle to Late Jurassic arc are present within the Angayucham terrane. It is unclear whether the Koyukuk arc was built directly on the older Jurassic arc now contained in the Brooks Range klippe or Angayucham terrane (e.g., Moore et al., 1994; Fig. 2) or whether it was separated from the Angayucham terrane by a south-dipping subduction zone as shown in Figure 9A .
There is no known continental crust on Chukotka that underwent blueschist-facies metamorphism. Thus, the southern margin of Chukotka did not enter a south-dipping subduction zone along with Arctic Alaska. The nature of the plate boundary along southern Chukotka is difficult to identify on the basis of available data. Further investigation of the extent and petrogenesis of Late Jurassic-earliest Cretaceous magmatic rocks on Chukotka would contribute to resolution of this problem . Additional investigations along the northern side of the South Anyui suture zone would also be useful (Amato et al., 2015) .
If the rotation hypothesis is correct, it would predict that the amount of shortening that occurred in response to rotation would be greater in the west (offshore Chukotka, northeast Chukotka, and the Nanielik antiform) than the east (Brooks Range Central belt near the Dalton Highway; Fig. 3B ). Application of phengite geobarometry to granitic rocks on Wrangel Island might help to clarify its position during rotation and collision. No thermobarometry has been done in the Brooks Range Central belt near the Dalton Highway. Research on metamorphism during orogenesis in Arctic Alaska and Chukotka is in its infancy relative to other orogens around the globe; consequently, the interpretation presented here needs to be tested by further study.
CONCLUSIONS
The metamorphic histories of Chukotka and Arctic Alaska constrain Mesozoic tectonic reconstructions of the Arctic in the following ways:
(1) During the Late Jurassic and earliest Cretaceous, Arctic Alaska was subducted to the south; Chukotka was in the upper plate of a subduction system or was part of a transcurrent boundary. The two margins must have been separated by a transform or other crustal-scale structure that also separated the adjacent South Anyui and Angayucham oceans.
(2) The Early Cretaceous tectonic evolution of Chukotka and Arctic Alaska may have been independent until the earlier part of the Aptian, when rocks of northeastern Chukotka and Arctic Alaska simultaneously shortened, and material from the Triassic turbidites of Chukotka flowed into the foreland basin of the Brooks Range.
(3) The most profound period of crustal thickening that affected the Arctic Alaska-Chukotka microplate took place during the earlier part of the Aptian, around 120 Ma. The resultant metamorphic belt reached from northeast Chukotka along the length of the southern Brooks Range, and may have extended offshore northern Chukotka. Total crustal thickness may have reached 50 km. Thickening produced the flexural subsidence that accommodated the Brooks Range foreland basin.
(4) The western part of the zone of Aptian crustal thickening is located within the Arctic Alaska-Chukotka microplate in northeastern Chukotka. There, the thickened rocks are directly adjacent to a belt of oceanic rocks called the Kolyuchin-Mechigmen zone. If Arctic Alaska and Chukotka had separate tectonic histories until the Aptian, the Kolyuchin-Mechigmen zone is a candidate for the suture zone between them.
(5) During the Albian, internal deformation in the Arctic Alaska-Chukotka microplate continued, and its southern boundary was structurally segmented. Crustal thickening continued in the southern Brooks Range, while magmatism and a complex pattern of crustal deformation took place along a zone from western Chukotka to the area east of Seward Peninsula.
These conclusions are consistent with opening of the Canada Basin by rotation of Arctic Alaska and northeastern Chukotka away from the Canadian margin. The major Aptian thickening event, around 120 Ma, likely followed collision of the rotating block with what is now western and central Chukotka. The Albian internal deformation of the Arctic Alaska-Chukotka micro plate and modification of its southern boundary may have resulted from final amalgamation of the collisional boundaries between Chukotka and Eurasia.
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